Abstract-This paper presents an implant-based wireless pressure sensing paradigm for long-range continuous intraocular pressure (IOP) monitoring of glaucoma patients. An implantable parylene-based pressure sensor has been developed, featuring an electrical LC-tank resonant circuit for passive wireless sensing without power consumption on the implanted site. The sensor is microfabricated with the use of parylene C (poly-chlorop-xylylene) to create a flexible coil substrate that can be folded for smaller physical form factor so as to achieve minimally invasive implantation, while stretched back without damage for enhanced inductive sensor-reader coil coupling so as to achieve strong sensing signal. A data-processed external readout method has also been developed to support pressure measurements. By incorporating the LC sensor and the readout method, wireless pressure sensing with 1-mmHg resolution in longer than 2-cm distance is successfully demonstrated. Other than extensive on-bench characterization, device testing through six-month chronic in vivo and acute ex vivo animal studies has verified the feasibility and efficacy of the sensor implant in the surgical aspect, including robust fixation and long-term biocompatibility in the intraocular environment. With meeting specifications of practical wireless pressure sensing and further reader development, this sensing methodology is promising for continuous, convenient, direct, and faithful IOP monitoring.
and resulting elevated intraocular pressure (IOP). Accordingly, successful IOP monitoring is crucial in the management of glaucoma patients as it is known to be one of the most effective methods to evaluate the progression of this eye disease. Current clinical diagnosis involves contact or noncontact applanation tonometry for IOP recording. However, both modalities have difficulties in providing reliable and repeatable measurements and, particularly, in deployment for regular (e.g., daily) tracking, which impedes prompt detection and appropriate treatment for IOP spikes from its diurnal fluctuations considered as a separate risk factor to optic nerve damage [2] [3] [4] . Continuous IOP monitoring in glaucoma patients with high accuracy and high reliability is therefore a consistent need for ophthalmologists.
Telemetric sensing is one of the viable methods to accomplish continuous and faithful noncontact IOP measurements [5] , [6] . It utilizes a transensor implant that registers environmental pressure variations inside the eye so that the IOP can be directly measured by using an external reader wirelessly interrogating the implant. This methodology enables straightforward IOP sensing without involving further calculations which are derived from ocular mechanics as are used in applanation tonometry and which have large variation due to different dimensions and mechanical properties of individual eyes [7] , [8] . In contrast to active sensing in which power transfer, size, and cost of the device are critical concerns [9] , [10] , passive sensing approaches have relatively flexible design constraints on the device side [11] . Works from many research groups have demonstrated the possibility of using miniaturized LC sensors (sensors with electrical LC resonant circuit) to enable passive wireless pressure sensing for various applications, including transcutaneous pressure monitoring, intracranial pressure monitoring, and pressure monitoring of abdominal aortic aneurysms in addition to the proposed IOP monitoring [12] [13] [14] [15] [16] [17] . These devices serve as excellent examples, showing the potential of using such wireless passive pressure transensors for continuous measurement of physiological parameters in biomedical systems and human healthcare. Given the knowledge of wireless LC sensing from the literatures and that of exploiting parylene in integrated microsensors [18] , we have developed a monolithically microfabricated parylene-based wireless passive pressure sensor in a form factor suitable for minimally invasive device implantation [19] . However, despite successful wireless pressure sensing demonstration, the sensing distance of the entire sensor-reader system in the previous work was not sufficient in practice. Such challenge can also be found in other works with considering size and other constraints [6] . As a result of further improvement, this work focuses on a different sensor design for electromagnetic coil coupling and resonance quality factor enhancements, followed by a new readout method for noise reduction and signal-to-noise ratio (SNR) enhancement in actual wireless measurements [20] . Along with engineering specifications, design considerations are also focused on compatibility with suture-less minimally invasive surgical procedures in the sense of minimizing complexity and time of the corresponding operation for ease of device implantation in practice. Featuring parylene (poly-para-xylene) as the biocompatible polymeric material, the passive LC-based pressure sensor is designed to be completely implantable in the intraocular environment so that long-term continuous IOP monitoring of glaucoma patients using such telemetric system can be fulfilled.
II. SYSTEM DESCRIPTION

A. System Overview
The concept of the wireless IOP sensing system in the passive electrical sensing scheme is shown in Fig. 1 , and the associated wearable reader paradigm (e.g., glasses when the subject is awake and eye patch during his/her sleep) is proposed as shown in Fig. 2 for autonomous and continuous monitoring in practice. Because the IOP has insignificant dependence on the pressures outside the eye [21] , its continuous monitoring can be anticipated with faithful readouts from the sensor implant. The sensor implant is designed to have an electrical LC-tank resonant circuit with a corresponding resonant frequency represented as
where L s , C s , and R s are the inductance, capacitance, and resistance of the sensor, respectively. By using an external coil to build an inductive coupling link with the implanted sensor, the equivalent impedance viewed from the measurement instrument can be derived using circuit analysis as [17] , [22] 
where V and I are the exciting voltage and current across the reader coil, f is the excitation frequency,
is the quality factor of the sensor at resonance, and k is the coupling coefficient of the inductive link (totally dependent on physical geometries such as the planar size of the sensor and reader coils, and the separation distance between the coils [15] , [23] ). Therefore, from (2), a phase-dip technique can be applied to wirelessly detect the resonant frequency of the sensor as the phase of the complex impedance Z eq drops to the minimum in the frequency scan from the measurement instrument, such as an impedance analyzer, network analyzer, or other involving customized electronics. When the sensor is excited at resonance, Z eq becomes
with minimized impedance phase, so the corresponding phase dip magnitude is maximized and can be approximated as
The phase-dip magnitude determines the signal strength in the wireless sensing system and is dependent on k and Q s . Because of such relation between the impedance phase dip and the resonance frequency of the sensor, the latter can be identified if one can detect a phase dip in the frequency scan of the equivalent impedance. Now, if the sensor implant has pressure-sensitive electrical components, its resonant frequency will be shifted based on external pressure variation, thus registering the in situ environmental pressure. As a result, by finding the updated phase dip, the frequency shift can be obtained, and the corresponding pressure change can be analyzed. The involved electrical characteristic change can be interrogated using the external reader coil to accomplish continuous wireless IOP monitoring. Because the entire sensing scheme is based on impedance measurement given by (3), separate strategies can be applied to the sensor and reader as follows to increase the measurement sensitivity, leading to a more distinguished phase dip and correspondingly an enhanced sensing distance, of the overall sensing performance.
B. Sensor Implant
1) Design:
In terms of sensor improvement than the previous work [19] , both the quality factor and integrated coil size of the LC sensor should be greatly increased in order to increase the k 2 Q factor in (4). On the other hand, the entire device needs to be in a small form factor suitable in order to minimize associated surgical difficulty and complications during implantation. As a result, the proposed wireless IOP microsensor incorporates a flexible coil disk [17] to best meet both requirements. Fig. 3 shows the design of the microsensor comprising a pressure-sensitive parallel-plate variable capacitor embedded in a deformable diaphragm chamber, a spiral metal wire to serve as a planar inductor, and a flexible/foldable disk substrate to support the coil. The design particularly features a larger circular disk substrate to incorporate a larger spiral inductor. In the surgical design aspect, because the sensor is to be implanted in the anterior chamber of the eye, the diameter of the coil disk was correspondingly designed to be 4 mm to fit the iris rim width in normal conditions. This implant location has a tremendous advantage in aligning sensor and reader coils so that possible loss of signal strength through coil misalignment can be reduced. The coil disk substrate needs to be made out of a soft flexible material with sufficient mechanical flexibility so as to be folded to fit a small incision (< 2 mm), for which the eye can spontaneously heal, toward suture-less minimally invasive device implantation. In the engineering aspect, the electrical characteristics of the sensor can be determined by using the established models [14] , [23] , [24] , where the electrical inductance of such a circular spiral coil is calculated as
where n is the number of turns of the inductor, d avg is the averaged diameter of the coil windings,
is the fill factor of the coil windings, and c 1 − c 4 are constant coefficients determined by the winding geometry. The electrical resistance is mainly contributed by the inductor wire which imperatively has a series resistance calculated, with consideration of the high-frequency skin effect, as
where ρ is the electrical resistivity of the metal, w and h are the metal line width and height, respectively, and δ is the frequency-dependent metal skin depth given by
with μ being the magnetic permeability of the metal. The electrical capacitance of the sensor can be expressed as
where C s,g is the capacitance determined by the integrated circular parallel metal plates with a gap separation at the center of the sensor and C s,p is the parasitic/stray capacitance generated by the other components in the entire device. As being embedded in the circular freestanding diaphragm at the center of the sensor, the parallel-plate capacitor is sensitive to pressure. When controlled in small deflection regime, depending on design parameters, the diaphragm deformation profile under a pressure loading can be described as
where the deformation is dominated by the resistance of the diaphragm to bending [25] or
where the deformation is dominated by the internal stress of the diaphragm [26] . In (9) and (10), r is the radial coordinate from the center of the circular diaphragm, ΔP is the pressure difference across the diaphragm, a is the diaphragm radius,
is the flexural rigidity of the diaphragm in which E and v are Young's modulus and Poisson's ratio of the material, respectively, t is the diaphragm thickness, and σ is the internal stress of the diaphragm. This diaphragm deformation induces change of the gap between the plates and change of the corresponding equivalent capacitance. With incorporating such electrical-mechanical-coupled effect, the electrical characteristics and the pressure response of the LC sensor can be well designed.
In terms of sensor realization, the sensor is designed to be packaged with a rigid piece having air/gas cavity to provide pressure reference in gauge pressure sensing. The width of the backing piece is predetermined 1.5 cm so that the coiled disk can be folded to smaller than 4 mm × 2 mm for sutureless intraocular implantation as well as for ease of realization and handling of the parallel-plate variable capacitor. Because this nonelectronic sealing piece is necessary for the LC sensor, surgical anchoring features for suture-less implant fixation on the iris of the eye are chosen to be created on this piece to avoid additional fabrication efforts on the sensor side. Overall, the form factor of the sensor implant must be substantially smaller than the space of the anterior chamber to ensure compatibility with natural eye reactions and motions. In addition, the implant has to be designed with smooth edges to prevent any possible scratch/cutting to the tissue during and after implantation. All involving materials in the sensor implant are in implantable grade. Parylene C (poly-chloro-p-xylylene) is selected as the diaphragm and disk substrate material because of its flexibility (Young's modulus ∼4 GPa), CMOS/MEMS process compatibility, and biocompatibility (USP Class VI grade) [27] , [28] . Additionally, its low water permeability (0.08 g · mm/m 2 · day) and low water absorption (less than 0.06% after 24 h) favor stable behavior of such a device when immersed in the aqueous humor of the eye after implantation.
2) Fabrication: The fabrication process of the wireless pressure sensor is shown in Fig. 4 facilitated by lowtemperature multilayer parylene micromachining and deep silicon etching technologies. The fabrication processes started with thermally growing 2-μm oxide on a double-side-polished silicon wafer. The oxide was patterned using buffered hydrofluoric acid (BHF, Transene Company Inc., Danvers, MA) with photoresist as a mask. AZ series photoresist (Clariant Corp., Charlotte, NC) was used in this step as well as the following steps throughout the described microfabrication processes. Deep reactive-ion etching (DRIE) in a PlasmaTherm SLR system (Unaxis Inc., St. Petersburg, FL) was performed on the backside of the wafer to define device release boundaries and access hole of the pressure diaphragm chamber until leaving approximately 50-μm silicon for ease of through-wafer etching using the remaining oxide as the mask. The backside oxide was protected during DRIE to be used as a hard etch mask in the final through-wafer etch process. In front-side processes, a photoresist layer was created not only as a sacrificial layer for coil disk release but also as a mask to gas-phase xenon difluoride (XeF 2 , Nesca Corp., Pretoria, South Africa) silicon roughening for physically strengthened parylene-silicon adhesion of the device [29] . Afterward, multiple parylene and metal layers were deposited and patterned to create the flexible-coiled pressure sensor structures along with using another sacrificial photoresist layer to define the freestanding pressure diaphragm chamber. Parylene C deposition was conducted in a Cookson Electronics PDS 2010 system (Specialty Coating Systems Inc., Indianapolis, IN). The bottom parylene layer mechanically supports the metal coil windings and electrically isolates the other device layers from the substrate. The metals were e-beam evaporated for better material quality purposes, while thick deposition was required to obtain low overall resistance from the metal lines. Two thick titanium/gold layers (200 Å/3 μm and 200 Å/0.5 μm) were patterned using standard metal etching techniques. Twice thicker gold layers (6 and 1 μm) were also created in different samples for comparison in sensor testing. Titanium was involved to provide good adhesion between gold and parylene layers. Moreover, besides being used as the top parallel capacitor plate, the second metal layer was arranged to be with all boundaries of the parylene diaphragm chamber in order to effectively serve as a strong barrier to water vapor and gas transmissions/permeations in between the encapsulated air/gas and the ambience of the device [30] . This inclusion can effectively prevent the sensor implant from significant performance drift, which supports its long-term operation in the intraocular environment. In addition, in fact, this metal layer is extended to the surrounding of the diaphragm chamber to contribute additional capacitance by interaction with the underneath parylenemetal layers, which facilitates in controlling the device resonant frequency falling into the reader scan range of interest. Devices were finally released with a backside recess for larger closed volume of pressure reference after performing another DRIE followed by photoresist stripping with acetone. Fig. 5 shows the air-dried microfabricated sensor before device packaging.
The postmicrofabrication sensor packaging was conducted in air under atmospheric pressure at room temperature as the conditions of the encapsulated air. A nonelectronic piece was attached to the bottom of the microfabricated sensor using biocompatible (USP Class VI grade) epoxy to form an air cavity inside the device for pressure reference in gauge pressure sensing. The overall size was measured at φ4 mm × 1 mm and reduced to a form factor of 4 mm × 1.5 mm × 1 mm by folding the coil disk as shown in Fig. 6 , suitable for minimally invasive intraocular implantation. Given the high yield strain (∼3%) characteristic of parylene C, the flexible disk can be stretched back to its original circular shape without severe permanent deformation or other damages after this extent of folding, and the inductor characteristics were hence unvaried. In surgical aspect, a flexible ophthalmic iris retractor (Alcon/Grieshaber AG, Schaffhausen, Switzerland) was modified on-bench using a razor blade and attached to the nonelectronic sealing piece using biocompatible (USP Class VI grade) epoxy to serve as the tissue anchor for suture-less implant fixation. Fig. 7 shows the representative anchor assembly result. This surgical attachment and the microfabricated sensor were assembled as the final packaged device. After being introduced into the anterior chamber of the eye, the tapered feature at the end of the retractor hook penetrates the iris stratum to provide sufficient anchoring to the device in the implant location. This anchoring process is designed to be reversible in case the implant needs to be removed from the eye afterward. Only one single hook is used for the implant, or the iris would be anticipated with serious damage during pupil dilation/contraction. Nevertheless, using one hook was proven to provide strong fixation of the implant through rigorous vibration test and, afterward, animal studies. After packaging, the device can further be conformally coated by a thin parylene C layer to ensure its long-term biocompatibility in the intraocular environment.
C. Readout Method
Even though the modified sensor design was implemented, it is still not sufficient for achieving the required sensing distance when using the primitive readout method in the previous work [19] due to high noise from the actual testing system. Consequently, on the concept of phase-dip spectrum recovery for frequency recognition in further coil separation distance, a supportive data-processed external readout method was accordingly developed. This method only involves postmeasurement data processing and analysis, so that no additional efforts are needed to be made on the physical sensor or reader components in the measurement unit. The process scheme is based on a noise reduction concept with measurement sample averaging [31] , accompanied by frequency-averaging procedure for better phase-dip curve recovery. First of all, multiple frequency scan samples were obtained and categorized to two different groups: baseline signal and sensor signal, depending on whether the reader coil was interrogating or interacting with the sensor implant. The necessary amount of sample data were captured and stored to the personal computer through a data acquisition system. Afterward, the data were processed in a series of operations, including the following: 1) baseline/background subtraction and 2) averaging of the processed scans (i.e., time averaging) in common signal processing principle. The baseline/background subtraction serves the purpose of eliminating substantial environmental interferences on the sensor-reader coil interaction, and the time averaging can significantly reduce the random noise of the signals from the actual sensor and reader coils. The sequence of such operations is interchangeable due to their linear operation nature, also resulting in the possibility of algorithm optimization depending on actual hardware/software constraints. The representative processed data through such operation are shown in Fig. 8 . In this example, the measured phase noise was successfully reduced from the original value of ∼ 0.1
• to ∼ 0.01
• by differentiating the signals and further to ∼ 0.003
• after processing 20 scan samples (ten for the baseline signal and ten for the sensor signal), indicating more than 30× noise reduction so as to enhance the resultant sensing distance, even without signal strengthening by other modification on the sensor implant or the associated reader coil setup.
After such operation, the data after baseline/background subtraction and time-averaging operations can be investigated for detectable phase-dip frequency, as shown in Fig. 8(d) . If a phase dip can be detected at a certain frequency point, the data are stored for the corresponding pressure measurement analysis. However, if not, further data processing such as frequency averaging [32] (which is demonstrated in this work) or phasedip curve fitting [17] , [22] needs to be utilized to virtually increase the SNR of the measured data. For example, the data in Fig. 8(d) were further processed with appropriate frequency averaging to generate the plot as shown in Fig. 9 with enhanced SNR for more accurate phase-dip detection. Fig. 10 shows another successful data example benefited from the frequencyaveraging operation. These examples clearly illustrate the advantages of exploiting the proposed data processing method. In practice, all the aforementioned readout and postprocessing procedures should be completed in a short time period, so that sensing result drift or deviation due to interferences to the test objects offset can be minimized during measurements. Combining the modified implantable flexible-coiled sensor and the data-processed external readout method, prevailing lownoise long-range signal detection can be anticipated to facilitate the continuous wireless passive pressure sensing system.
III. RESULTS AND DISCUSSION
The microfabricated devices were tested both on-bench and in vivo to characterize their electrical, physical, and 
A. On-Bench Characterization
Electrical parameters of the sensors were first obtained by measuring the actual devices as well as several testing structures. Table I lists the experimental results in good agreement with the theoretical calculations. The higher resistance at resonance was resulted from the noticeably small metal skin depth at high frequency (∼4.2 μm for gold at 350 MHz). The resonant frequency of the LC sensor was determined where the phase of the impedance Z eq dipped to the minimum at the frequency f min , which is highly correlated to f s and can be expressed as [21] 
while the discrepancy between the two was able to be controlled within 0.1% (particularly less than 200 ppm when conducting wireless pressure sensing tests) given the negligible terms contributed by k and Q in this work. A customized pressure control configuration, as shown in Fig. 11 , was utilized for wireless pressure sensing demonstration. The device was placed inside a chamber connected to a pressurization setup where a commercial off-chip pressure regulator and a pressure gauge were used to provide 0.5-mmHg tuning resolution. Accurate environmental pressure variations could thus be created for the device (ΔP = P outside sensor − P inside sensor ) with this pressure control setup.
Although the pressure sensitivity was expected to be small from the device design, the sensing was compensated by the high sensor resonant frequency to reach reasonable pressure responsivity for detection of phase-dip shift with respect to environmental pressure variations. Measured phase-dip curves were obtained as shown in Fig. 12 to characterize the sensor behavior. The pressure response of the sensor can be modeled as follows with previous derivation in [19] . First of all, the normalized shifted phase-dip frequency of the sensor can be written as
where ΔC s is the increased electrical capacitance from the pressed diaphragm by increased environmental pressure applied on the sensor, and it is known to be proportional to diaphragm deflection (inversely proportional to the gap between the parallel capacitor plates). As a result, when controlling the diaphragm deformation in small deflection regime where the profile is given in either (9) or (10), it can be derived from (12) as
where α is a parameter incorporating the mechanical behavior of the diaphragm. This relationship was used to characterize the pressure sensitivity of the packaged sensor as shown in Fig. 13 in all wireless pressure sensing tests. Furthermore, it was also observed during sensor characterization that the volume change effect from the encapsulated air/gas reference [19] was not negligible in this work. As shown in Fig. 14 , the pressure sensitivity of the theoretical model was designed to be 985 ppm/mmHg, while in measurements, only 455 ppm/mmHg sensitivity was obtained when the sealed cavity volume was 500 μm × 2000 μm × 250 μm (width × length × height). By designing a different geometry on the nonelectronic sealing piece to double the sealed cavity volume (500 μm × 2000 μm × 500 μm) in the final packaged device, the pressure sensitivity and responsivity were experimentally characterized to be 695 ppm/mmHg and 243 kHz/mmHg, approximately 1.52× enhancement over the original values and closer to the ideal values. These results were in good agreement with expectations after incorporating the ideal gas law and showed the possibility of altering/optimizing the design parameters depending on actual application specifications. Next, the data-processed readout method was exploited for sensing distance studies of such a wireless system. For demonstration purposes, devices with different e-beam evaporated gold thicknesses (3 μm/0.5 μm and 6 μm/1 μm for first and second metal layer structures, respectively) were prepared. The doubled metal thickness resulted in approximately 1.5 times Q s enhancement (from ∼30 to ∼45). This enhancement was primarily limited by the high-frequency skin depth effect from the inductor wire resistance at the operating frequency. It is also worth noting that the metal wire thickness could be further increased by depositing a thicker metal through the described evaporation method, an electroplating alternative, or by stacking using a special postmicrofabrication technique [33] to further reduce the series resistance of the inductor and enhance the overall quality factor. The necessary number of samples for averaging operations depends on the final frequency measurement resolution needed for ultimate pressure sensing. The frequency noise (i.e., frequency fluctuation) in measurements needs to be lower than the resultant frequency shift from environmental pressure variation for reliable pressure sensing accuracy. As previously stated, the pressure sensitivity of the sensor was characterized to be approximately 455 ppm/mmHg, which means that the allowed frequency fluctuation must be lower to achieve a 1-mmHg pressure sensing accuracy. With this information, experiments were designed to verify the sample size effect on SNR and frequency fluctuation. By using a Q s ∼ 45 sensor with a 4-mm-diameter on-sensor coil interrogated by a 15-mm-diameter hand-wound reader coil at 2-cm separation distance, the results are shown in Fig. 15(a) with the SNR defined as
where Δφ max is the maximum impedance phase dip throughout the frequency scan and Δφ noise is the noise from the measurement system. More than 80 measurement samples had to be collected in order to justify SN R > 10 and the associated frequency shift resolution smaller than 400 ppm, which is less than that by 1-mmHg pressure difference. Fewer samples could be collected, but the overall pressure accuracy would be reduced. On the other hand, more samples could be collected, but the processing capacity and time would need to be considered. This tradeoff ultimately defines the sampling rate specification of readouts in practice. In addition, the noise limit in the measurement system jointly determines the size of data to be collected and analyzed. Fig. 15(b) shows that the achieved Δφ noise was lower than 0.0015
• by processing more than 80 samples (40 for sensor signal and 40 for baseline signal) and approaching the limit (∼0.001
• ) when more than 200 samples were collected. The fitted noise decay trend was well predicted with the assumption of involving uncorrelated noises in individual measurements. The noise limit, which could not be further cancelled or suppressed, represents the "white noise" in the measurement system. Improvements on reader unit (e.g., the use of low-noise electronics) and inductive coupling link would be necessary to fundamentally decrease the noise limit and thus achieve higher SNR and longer range sensing.
For wireless pressure sensing using the flexible-coiled sensor and the data-processed external readout method in this work, the criterion of determining the maximum sensing distance was set to be SN R > 10 given the minimal Δφ noise ∼ 0.001
• so that the phase-dip frequency measurements were capable of resolving 1-mmHg pressure difference. The maximum sensing distance was therefore characterized to be 2 and 2.5 cm for Q s ∼ 30 (3-μm/0.5-μm metal structures) and Q s ∼ 45 (6-μm/1-μm metal structures) sensors, respectively. Experiments using a Q s ∼ 45 sensor with approximately 4-mmdiameter on-sensor coil interrogated by hand-wound reader coils in different sizes were conducted to further study the relation between the coil separation distance and the associated electrical performance. Fig. 16 clearly shows that the phase dip and the derived coupling coefficient from (4) decrease as the coil separation increases, with an empirical relation equivalent to that found in [31] as in
where z is the coil separation distance and r p is the reader coil radius. Note that the separation distance in the experiments did not take into account angular misalignment between the coils, so effective distance needs to be addressed in reality. The obtained phase-dip-distance product analogous to gain-bandwidth product was higher for larger reader coils. Both the near-field and far-field coil coupling situations were well described by (15) and were in good agreements with theoretical expectations [14] , [31] , [34] [35] [36] . With these findings, the ultimate reader coil can be properly designed and realized as part of the glasses-type reader shown in Fig. 2 , incorporating the necessary glasses-to-iris distance (1.5-2 cm) in practical wireless sensing. The demonstration using the sensor prototype hence verifies the feasibility of modifying sensor parameters to increase the sensing distance for the required IOP monitoring specifications.
On-bench experimental studies also indicated that the sensor-reader coil coupling is substantially influenced by the medium in which the sensor is placed. As shown in Fig. 17 , the phase-dip frequency was varied from 350 MHz in air to approximately 275 MHz in liquid (water and 0.9% saline) environments, approximately 29% difference. This frequency shift is due to the higher permittivity of water-based solutions (dielectric constant ε r ∼ 80 at 20
• C) than that of air (ε r ∼ 1). It causes an increased electrical field concentration on the medium and so virtually increases the total equivalent capacitance and decreases the resultant phase-dip frequency measured from the external reader. Furthermore, for lossy medium such as saline, the permittivity can be written in the complex form as [36] [37] [38] ε = ε − jε (16) with the loss tangent defined as the ratio ε /ε , a measure of the power loss in the medium. Different loss tangent values of water (∼0) and 0.9% saline (∼0.2) reflect their different lossy extent as media degrading the electromagnetic coupling of the coils. As a result, the measured quality factor was around the same value (Q s ∼ 45) when the sensor was in water as compared with air, while it dropped to ∼6 when the sensor was in saline. The incorporated sensing distances in water and saline were characterized as 2.5 and 1.5 cm, respectively. Solutions to overcoming the decreased sensing distance in saline that has similar composition and properties to the aqueous humor need to be developed, despite the fact that 1.5 cm could be sufficient for practical IOP monitoring. Future works will be investigations on reducing the lossy medium effect. One possible solution that has already been demonstrated to be viable is strengthening the electrical isolation between sensor structures and the environment [17] .
Preliminary test results suggested that Q could be substantially recovered back to higher than 20 with covering 10-μm parylene C on the inductor wires [39] . Nevertheless, the device pressure sensitivity was found invariant to different surrounding media.
Because the operation principle of such a sensor involves encapsulated air/gas reference, the corresponding phase-dip frequency drift due to possible changes of reference needs to be studied as well to verify the senor performance. The temperature sensitivity was characterized on-bench as approximately 1064 ppm/
• C, in good agreement with design expectations, considering a closed-system air/gas expansion effect based on the ideal gas law. The overall pressure accuracy obtained from this sensor was therefore approximately 2.5 mmHg, incorporating ±1
• C temperature fluctuation in the implantation environment (i.e., inside the human body). Other than using temperature compensation techniques, the air/gas reference inside the sensor could be sealed either under low pressure (ultimately in vacuum as in absolute pressure sensors) or at high temperature so as to directly reduce the pressure-temperature correlation effect. The encapsulated air/gas could also be replaced by liquids to eliminate such an effect. It will be investigated in future studies that, after implementing these concepts in device packaging, the pressure sensing accuracy could potentially be improved to 1 mmHg as promised for practical IOP monitoring. Soak tests showed that the phasedip frequency drift was less than 500 ppm, equivalent to the result by 1-mmHg pressure variation, when the sensor was submerged in saline more than 100 h at both 25
• C and 37
• C, confirming the effectiveness of parylene-metal-parylene isolation to liquid/gas permeation and absorption that could affect the pressure reference cavity and other sensor structures [17] . Table II on the engineering side will be focused on enhancing pressure accuracy, sensing distance, and device reliability.
B. In Vivo Test
The LC sensor packaged as described previously was used to conduct the in vivo test. Device implantation was managed using live rabbit eyes as the model to evaluate the feasibility of the sensor implant. The fully packaged device sealed with atmospheric air for pressure reference was conformally coated by a thin parylene C layer to ensure its biocompatibility in the intraocular environment and then sterilized using ethylene oxide gas prior to the implantation surgery. All animal procedures in this study conformed to the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research. Viscoelastic gel could be used to facilitate the device implantation. The implant was manipulated mainly with surgical forceps. The entire surgery was completed within 15 min because of its minimally invasive (< 2-mm corneal incision using angled razor blade) nature, which minimizes surgical and postoperative complications. As shown in Fig. 18(a) , the implant with folded coil disk was introduced into the anterior chamber of the eye through the incision using standard medical forceps. After the coil disk was stretched back, the implant was manipulated to be anchored on the iris using forceps under compatible surgical procedures without enlarging the incision. No sutures were required to this short thin incision as the eye could spontaneously heal for it. Fig. 18(b) shows the implant location in the intraocular environment after surgery. Follow-up study results, including fluorescein angiography and fundus photograph as shown in Fig. 19 , confirmed that no device dislocation or postoperative complications, including inflammatory response or tissue encapsulation/fibrosis, were found over six months. This result suggested no protein aggregation or other biofouling incidents, thus verifying the surgical/biological feasibility of using such implant paradigm with appropriate anchoring mechanism in the intraocular environment. In the physical aspect, no coil disk curling of the sensor implant was observed based on the fact of insignificant stress induced by the aqueous humor fluid in the anterior chamber. Pupil dilation/contraction could be a concern that the implant can possibly block the subject's sight to some extent, so a modified device topology and/or implantation scheme might be needed to address this issue when managing human's eye in the future.
In order to demonstrate the in vivo wireless pressure sensing feasibility of such a flexible-coiled sensor paradigm, acute animal testing using live rabbit eye models was conducted with an experimental setup as shown in Fig. 20 . The obtained phase-dip curves were much clearer and more appropriate for pressure analysis as compared with those in previous work [19] , attributable to higher SNR using the sensor and the developed data-processed external readout method. Although limited by the pressure control and monitoring scheme in surgical protocols at the moment of experiment such that no pressure measurement analysis could be performed, the shifted phasedip curves correlated to a qualitatively increased IOP in the model and markedly justified the possibility of the developed implant for wireless pressure sensing.
Given the results in the acute in vivo testing, an improved and more quantitative study was completed using an enucleated porcine eye as the animal model to characterize the pressure response of the sensor in the simulated intraocular environment.
An intraocular manometer was used with the infusion-based pressurization setup in this experiment to obtain precise IOP measurements as compared with the readouts from the sensor. The results shown in Fig. 21 were analyzed and confirmed in good agreement with the on-bench results shown in Fig. 12 , indicating that the physical pressure response of the developed sensor was consistent when situated in different environments, regardless of the different electrical readouts due to the aforementioned medium effect. Extensive animal studies, including acute and chronic tests, along with the knowledge and the corresponding sensor improvement on overcoming the medium effect, are still underway in order to completely characterize the in vivo performance of the flexible-coiled wireless pressure sensor paradigm. Advanced surgical protocols and tools suitable for such an implant paradigm will also be investigated to better meet the requirements. After such improvements, tonometry or other noninvasive techniques will be used for comparison, as needed to replace the intraocular manometer in order to characterize and calibrate the sensor performance after implantation in practice.
Future work will also be focused on reader optimization and actual implementation. Development of a low-noise measurement system will be the first keystone. As described previously, besides improvements from using the developed dataprocessing-based readout method from a software perspective, low-noise circuitry and techniques from a hardware perspective should be included to electronically reduce the measurement noise and enhance the SNR in phase-dip frequency detection [31] . Other readout methods have also been explored in different research groups [40] [41] [42] with the aim of long-range telemetric sensing and are valuable for comparison to the configuration proposed in this work. Moreover, in cases where either the sensor-reader coil coupling or quality factor of the sensor is substantial enough to influence the frequency shift resolution based on (10), some compensation method would be required as part of the final telemetric system. For example, a distancecompensated technique [43] can be applied under this concept to obtain correct frequency values regardless of possible out-ofplane positional variation between the glasses (reader) and the iris (sensor), which is valuable for further study. These developed techniques involving additional electrical components or microelectronics implementation might be incorporated into the current readout method and will be extensively studied in the future. Eventually, the readout and postprocessing methods will be realized in a standalone portable system for measurement convenience. After such successful reader development, this wireless implant-based pressure sensing approach will be complete for practical continuous IOP monitoring and glaucoma study. Extensive comparisons between this approach and gold standard tonometry techniques will be given when sophisticated experimental setup and reader are available for long-term in vivo pressure monitoring tests.
IV. CONCLUSION
An implant-based wireless pressure sensing paradigm using electrical readout methodology has been successfully developed as a solution to continuous IOP monitoring. Development of both sensor implant and readout method has been addressed to accomplish practical wireless pressure sensing in a foreseeable glasses-reader paradigm. Complete design, fabrication, packaging, and characterization of the passive sensor incorporating a pressure-sensitive electrical LC-tank resonant circuitry are described. The LC sensor features a flexible/foldable inductor coil disk to achieve not only a long sensing distance through stronger inductive coupling with the external reader coil but also a small physical form factor, with an associated corneal incision smaller than 2 mm, when the implant is introduced into the anterior chamber of the eye. Other surgical features were also included to facilitate the sensor suitable for minimally invasive suture-less intraocular implantation. Low-temperature multilayer polymer/metal micromachining technology was exploited to enable integrated sensor components fabricated on a monolithic substrate without the need for a multiwafer bonding process. A supportive data-processed external readout method was implemented to analyze the pressure measurements with enhanced resolution and distance. Engineering performance of the sensor-reader system and surgical/biological compatibility and efficacy of the sensor implant were characterized in a complete suite of on-bench, ex vivo, and in vivo experiments, with the results shown to be in good agreement with design parameters and meeting practical requirements. With successful demonstration and future implementation of the proposed sensor/reader improvement strategies, this wireless pressure sensing paradigm has great potential for fulfilling continuous, real-time, reliable, and convenient IOP monitoring in glaucoma patients.
